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Abstract 
Thermoelectricity is the simplest technology applicable and environmentally friendly solution for 
direct heat to electricity energy conversion. When a temperature gradient is applied to a 
thermoelectric (TE) device, the charge carriers at the hot side tend to diffuse to the cold side, 
producing an electrical voltage. Since these TE generators have no moving parts, they are small 
and quite reliable. It is why they are used in some spacecraft (like Voyager, Cassini, and others). 
However, the TE is not a very efficient device due to their small power factor (PF) and figure of 
merit (ZT) values, which are key parameter for describing the performance of TE materials. The 
PF and ZT depends on the electrical conductivity, the Seebeck coefficient, and the thermal 
conductivity. In order to increase the PF and ZT values, a theory to confined the electrons using 
low-dimensional materials was proposed by Prof. Dresselhaus (MIT, USA) in 1993. This general 
theory showed that the TE power factor is enhanced by the confinement length effect, which is 
defined by the effective size of the electron wave functions in the nonprincipal direction for 
low-dimensional materials, such as the thickness in thin films and the diameter in nanowires. 
Dresselhaus’s theory has really spurred the development of the TE over the last 25 years. Since  
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1993, TE field has made a lot of progress on low-dimensional nanostructure and their applications 
in TE. However, they also noticed that some common materials such as Si nanowires did not show 
enhancement of the PF although their confinement length is sufficiently small. Recently, we 
proposed an update theory for Dresselhaus’s theory, which can answer the question that why the 
Dresselhaus’s theory fails in some materials. By theoretically investigate the PF of the 
low-dimensional semiconductors, we found that the PF is enhanced only when the confinement 
length is smaller than the thermal de Broglie wavelength, which about 5-100 nm depends on the 
effective mass of electron. Since it might be difficult for experimentalists to obtain 
one-dimensional nanowires with diameters down to few nanometers, the two-dimensional (2D) 
monolayer materials with extremely small thickness (∼ 1 nm) are naturally a good candidate as a 
thermoelectric material. However, the thermoelectric performance of 2D materials still need to be 
improved for industrial applications, which requires ZT > 2 at room temperature. 
    The purpose of this thesis is to find possible strategies to improve the thermoelectric 
performance in two-dimensional materials including InSe and tetradymites (Bi2Se3, Bi2Te2Se, 
and Bi2Te2S). This thesis also presents a new dimensionless parameter, which is possible to unify 
optimum ZT of both bulk and low-dimensional semiconductors into a single universal curve that 
covers many materials with different dimensionalities. Based on the DFT calculations, we find 
that the maximum PF of p-type and (n-type) monolayer InSe can be as large as 0.049 (0.043) 
W/K2m at 300K. The excellent thermoelectric performance of monolayer InSe originates from both 
the large Seebeck coefficient and electrical conductivity, corresponding to the unique band 
structure of monolayer InSe with semiconducting and unusual shape of DOS, respectively. We also 
investigate a possibility of improving thermoelectric performance of monolayer InSe through 
convergence of multivalley energy bands (CMB), in which some distinct valleys become almost 
degenerate. The CMB is achieved by applying mechanical strain. We find that the thermoelectric 
PF and ZT of monolayer InSe can be significantly enhanced through the CMB in both valence 
(p-type) and conduction (n-type) bands under a biaxial compressive strain of about -0.025. Since 
the CMB usually relies on band structure engineering, e.g., chemical doping and strain. It is 
important to achieve such a CMB in 2D materials without heavy doping or strain, which are often 
difficult to implement in experiments. In this thesis, we find a class of 2D material, so called 
"tetradymites", which allow to tune the CMB by changing the components such as Bi2Se3, 
Bi2Te2Se and Bi2Te2S. In particular, 2D Bi2Te2Se shows a best ZT value ~ 2 at 500 K. Finally, we 
introduce a new dimensionless parameter to optimized ZT.  We proposed that ZT is set by a 
universal function of a dimensionless parameter α, which can be experimentally measured. The 
function reproduces most experimental results for most materials, whether they are one-, two-, or 
three-dimensional. From this we conclude that any semiconductor with α > 4.5 will show ZT > 2, 
which could dramatically improve technology. 
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論文審査の結果の要旨 
 
物質中に温度勾配がある場合には、熱が流れるだけでなく電流も流れ、その結果熱起電力が生じ
る。熱から電気を直接得る現象を熱電効果と呼び、熱電効果を利用した素子を熱電素子または熱
電変換素子と呼ぶ。熱電効果は実に 19 世紀から研究が行われている。熱電素子に対する課題は、
（1）熱からより多くの電力を得ること（パワーファクター）と、（2）熱からより効率よく電力
を得ること（無次元性能指数、ZT）であり、前者は無尽蔵にある排熱から電力を得る目的に適し、
後者は車のエンジンのようなエネルギー効率向上の目的に適している。 
グエン・タン・フン氏（以下フン氏）提出の博士論文は、二次元物質における熱電特性における
量子的な効果に関して、理論的に知見を与えたものである。本論文の第１章では、本論文の目的
と背景が述べられている。第２章では、熱電特性を記述する、計算手法が述べられている。第３
章では、二次元（一次元）物質のパワーファクターが三次元物質に比べて大きくなるのは、電子
の閉じ込め長が、量子的効果である熱的ドブロイ波長より小さい場合であることを示している。
第４章では、二次元物質の具体的な候補として、InSe のパワーファクターを第一原理計算を用い
て計算している。特に InSe に歪を加えることで、フェルミエネルギー付近の複数のエネルギーバ
ンドを縮重させることで、パワーファクターが増強すること（バレーコンバージェンス効果）を
示している。第５章では、別な例としてテトラダイマイトと呼ばれる物質の熱電特性を計算し、
特異なエネルギー分散関係によってパワーファクターが向上し、さらに格子熱伝導率が小さいこ
とから、ZT 値が従来の理想値といわれた２を超える結果を示している。第６章では、フェルミエ
ネルギーを変えることで最適化された、パワーファクターと ZT の間には普遍的な関係があること
を導出している。第７章では本論文で得た結論をまとめている。 
本論文で得られた結果は、低次元熱電効果における理論を実に 30 年ぶりに更新し、新しい知見を
もたらすだけでなく、数々の２次元物質に関して第一原理計算によって熱電効果を計算し、実験
に先駆けてその性質を予言するなど独創的で顕著な成果であると判断できる。このことはフン氏
が自立して研究活動を行うに必要な高度の研究能力と学識を有することを示したものである。し
たがって、フン氏提出の論文は博士（理学）の学位論文として合格と認める。 
 
